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HIGHLIGHTS

® S-GO hybrids were prepared by in situ
growth of sulfur on the surface of GO
sheets.

® S-GO hybrids crosslinked SBR mole-
cules and dispersed uniformly in SBR
matrix.

® Strong chemical interfaces were con-
structed between S-GO and SBR mo-
lecules.

® S-GO/SBR composites exhibit unique
gas barrier properties and mechanical
strength.
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ABSTRACT

Constructing strong interfacial interactions and complex filler networks is crucial to establishing high gas barrier
properties in rubber composites. In this research, sulfur-graphene oxide (S-GO) hybrids were prepared by in situ
growth of sulfur on the surfaces of GO sheets. The S-GO hybrids were also introduced into butadiene styrene
rubber (SBR) using a green method of latex compounding. Results showed that sulfur could melt and spread on
the surface of the GO during the crosslinking process at high temperatures. This process prevented the ag-
gregation of GO and resulted in a fine dispersion of GO and complex filler networks in S-GO/SBR composites.
More importantly, the sulfur particles on the GO surface not only aided the crosslinking of rubber molecules, but
also chemically reacted with the GO radicals generated at high temperatures. This occurred by the homolytic
cleavage of oxygen-containing groups, which thereby constructed covalent interfaces between the GO and SBR
molecules. Due to these strong interfaces and complex filler networks, the tensile and tear strength of S-GO/SBR
composites increased by 66.2% and 26.6%, respectively, when compared with conventional GO/SBR compo-
sites. The gas permeability coefficient of S-GO/SBR composites was decreased dramatically by 50.7% and 23.3%
by comparison with that of pure SBR and GO/SBR composites, respectively. The apparent improvement de-
monstrated that the facile and effective method used in this research may open up new opportunities for the
development of multifunctional rubber crosslinking agent as well as the fabrication of rubber composites with
high performance.

* Corresponding authors at: State Key Laboratory of Chemical Resource Engineering, Beijing University of Chemical Technology, Beijing 100029, China and Beijing
Engineering Research Center of Advanced Elastomer, Beijing University of Chemical Technology, Beijing 100029, China.
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1. Introduction

Rubber composites with high gas barrier properties are widely used
in aerospace, tire inner liners, chemical protective equipment and
sealing applications due to their high elasticity and heightened ability
to recover after compression [1]. However, raw rubbers are highly
permeable to most gases, since large free volumes exist among the
rubber molecules when the materials are used above the glass transition
temperature. Although the introduction of crosslink bonds can shorten
the distances between rubber molecules, there are still numerous free
volumes in rubber matrices, resulting in ready penetration by small gas
molecules.

In order to efficiently improve gas barrier properties, a certain
amount of nanoparticles are routinely filled into rubbers to form filler
networks, creating tortuous paths inhibiting gas molecules penetrating
the rubber matrices. More importantly, the strong interfaces between
nanoparticles and rubber molecules are necessary to restrict chain
mobility and further reduce free volumes between nanoparticles and
rubber molecules. Among a range of particles, the lamellar particles,
such as clay [2,3], layered double hydroxides (LDH) [4,5] and graphene
(GE) or graphene oxide (GO) [6-8], are more advantageous in enhan-
cing the gas barrier properties of rubber composites due to their higher
aspect ratios when compared with spherical and fibrous particles [9]. In
particular, GE or GO has a large surface area and virtually a monolayer
structure, making it widely used in many fields [10-12]. More im-
portantly, abundant oxygen-containing groups present on the surface of
GO, such as the epoxide, hydroxyl and carboxyl groups, and could form
strong interactions with polar rubber molecules via hydrogen bonds or
ionic bonds [13-15]. Therefore, GO is a good candidate to be used in
rubber composites with high gas barrier properties.

However, GO has limited compatibility with some non-polar rub-
bers (e.g. natural rubber (NR), butadiene styrene rubber (SBR)) due to
its hydrophilic nature [16,17], resulting in weak interfaces between
them. Therefore, surface modifications of GO were required to tailor the
interfaces in rubber composites. For example, Yang et al. [18] modified
GO with octadecylamine (ODA) and prepared GO-ODA/brominated
butyl rubber (BIIR) composites by solution mixing. The results showed
that GO-ODA/BIIR nanocomposites had superior gas barrier properties
to BIIR, benefitting from the strong interaction between GO-ODA and
BIIR. Huang et al. [19] grafted bis(triethoxysilylpropyl)tetrasulfide
(BTESPT) on the surface of GO to obtain functionalized GO (SGO), then
SGO was incorporated into NR to prepare SGO/NR composites. The
results showed a 48% reduction in the air permeability was achieved
when compared with pure NR. This was attributed to the molecular-
level dispersion of SGO and strong covalent interfaces between SGO and
NR chains formed via the bridge effect of sulfur in BTESPT.

Sulfur is the most widely used crosslinking agent in rubber industry.
After crosslinking reaction between sulfur and rubber molecules at high
temperature, three-dimensional crosslinking network could be formed
in rubber composites. Lavorgna et al. [6] and Kaciulis et al. [20] found
reduced graphene oxide (rGO) interfered with the pathways of cross-
linking reaction in sulfur crosslinked NR composites, thus resulting the
strong interfacial interactions between rGO and NR molecules. In our
previous research, GO was modified with tea polyphenol (TP) and
further compounded with SBR. It was found that the TP reacted with
the sulfur during crosslinking at high temperature. The sulfur served as
a bridge to link GO and rubber chains, resulting in strong interfacial
interactions and high performance [21]. However, it should be pointed
out that only a few of GO sheets had the opportunity to contact with
sulfur particles in the GO/rubber composites prepared by physically
mixing sulfur with GO/SBR compound, leading to the low degree of
connection between GO and SBR molecules. To further understand the
contribution sulfur makes to the GO-rubber molecules interfaces and
improve the gas barrier properties of GO/rubber composites, sulfur
particles generated by the reaction of thiosulfate and acid were in situ
deposited on the surface of GO to form sulfur-GO (S-GO) hybrids. Then,
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the resultant S-GO hybrids were filled into SBR by latex compounding
to obtain S-GO/SBR composites. The S-GO structure, dispersion of the
S-GO, the filler network and crosslinking density of the composites were
characterized. Most importantly, the interfacial interactions between S-
GO and SBR molecules and their contribution toward gas barrier
properties of composites were primarily investigated. Owing to the
complex filler networks and the strong interfaces, the pathways and
diffusion times of nitrogen molecules in the SBR matrices were greatly
prolonged. The gas permeability coefficients of S-GO/SBR composites
were decreased by 50.7% and 23.3% when compared with those of pure
SBR and GO/SBR composites, respectively.

2. Materials and methods
2.1. Materials

GO was prepared by a modified Hummers method [22]. SBR latex
with a styrene content of 23% was obtained from Jilin Petrochemical
Co., Ltd (China). Sodium thiosulfate (Na,S,0s5H,0, AR) was pur-
chased from Aladdin. Hydrochloric acid (HCI, 35-38%) and Calcium
chloride (CaCl,, AR) were purchased from the Beijing Chemical Factory
(China). Zinc oxide (ZnO), stearic acid (SA), 1,4-Benzenediamine, N-(1-
methylethyl)-N'-phenyl (antioxidant, 4010NA), and N-Cyclohexyl-2-
benzothiazolesulfenamide (accelerant, CZ) were all commercially
available.

2.2. Preparation of S-GO hybrids, GO/SBR and S-GO/SBR composites

The preparation processes of S-GO hybrids, GO/SBR and S-GO/SBR
composites are shown in Fig. 1. Firstly, GO was fully exfoliated in
deionized water (DW) under sonication for 30 min to obtain a GO
suspension (3mg/ml). NayS,03; aqueous solution (0.625 mmol/ml,
59.6 ml) was added slowly to the GO suspension (500 ml) and stirred
for 30 min to obtain a homogenous suspension. Afterwards, HCl aqu-
eous solution (2.74 mmol/ml, 43.8 ml) was added dropwise at a rate of
10 ml/min to the mixture and stirred for 2h at room temperature.
During this process, the GO provided nucleation points and sulfur in situ
grew on the surface of GO nanosheets. The reaction equation for the
sulfur formation is shown in Eq. (1). It is noted that the by-products
NaCl existed in the water in the form of Na™ and CI’, and SO, dissolved
in the water to form sulfurous acid. They were moved away after the
mixture was repeatedly centrifuged and washed with DW until the
supernatant was neutral. Therefore, these by-products would not affect
the hybrid and/or the following composite formation. Finally, the set-
tled product was collected and freeze dried for 72h to obtain a S-GO
hybrids powder. The content of sulfur in S-GO hybrids was 39.92%,
which was measured by vario EL cube elemental analysis instrument
(Elementar Analysensysteme GmbH). Also, a reference sulfur sample
without GO was synthesized by the same method.

Na,S,05; + 2HCIl — 2NaCl + S+ H, O+ SO, (€8]

Thereafter, the S-GO hybrids powder were directly dispersed in DW
(3mg/ml) and sonication for 30 min before adding to SBR latex with
vigorous stirring. Then the mixture was co-coagulated using flocculant
CaCl, solution (1 wt%) to provide the S-GO/SBR masterbatches. The
concentration of GO and sulfur in the masterbatches were 3 and 2 phr
(parts per hundreds of rubber), respectively. The S-GO/SBR mas-
terbatches obtained were washed three times with DW to remove the
CaCl,. After washing three times, no chloride ion was detected in the
DW. Then the masterbatches were dried at 60 °C in a vacuum oven for
12h. Subsequently, the S-GO/SBR masterbatches were mixed with
other rubber ingredients in a two-roll mill. The ingredients and their
concentration complied with the formula: ZnO 5 phr; SA 1 phr; 4010NA
2 phr; CZ 2 phr.

For comparison, GO/SBR masterbatches without sulfur were also
prepared by the same method. The GO content in the GO/SBR
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Fig. 1. Schematic of the preparation of S-GO hybrids, S-GO/SBR and GO/SBR composites.

masterbatches was 3 phr. Afterwards, the GO/SBR and pure SBR
compounds were prepared by mechanical mixing according to the same
formula. It should be noted that 2 phr sulfur was also added into the
two compounds for the following crosslinking. Finally, the pure SBR,
GO/SBR and S-GO/SBR compounds were compression-molded and
crosslinked at 160°C and 15MPa to obtain rubber composites. The
curing time of pure SBR, GO/SBR and S-GO/SBR composites de-
termined by an oscillating disc rheometer (Model MR-C3, Beijing Ruida
Yuchen Instrument Co., Ltd., China) were 3.9 min, 6.5 min and 8.3 min,
respectively.

2.3. Characterization

Transmission electron microscopy (TEM) and TEM energy dis-
persive X-ray spectroscopy (EDS) measurements were conducted on a
G2 20 S-TWIN transmission electron microscope (FEI Corporation,
USA) operated at a 300 kV accelerating voltage. X-ray diffraction (XRD)
measurements were carried out on a D/Max 2500 VB2+/PC dif-
fractometer (Rigaku Corporation, Japan) with Cu K radiation (40kV,
200 mA) in the range of 5° to 70° with a scan rate of 5° min~'. Raman
spectroscopy was carried out using a Renishaw inVia confocal micro-
scope (Renishaw, England) with an excitation laser beam wavelength of
514nm. X-ray photoelectron spectroscopy (XPS) analysis was carried
out on an ESCALAB 250 XPS system (Thermo Electron Corporation,
USA) with an Al Ka X-ray source. A Rubber Processing Analyzer (RPA)
(RPA 2000, Alpha Technologies Co, USA) was used to investigate the
filler network at a frequency of 1Hz at 60 °C. Dynamic mechanical
analysis (DMA) measurements were conducted on a VA3000 (01-dB
Corporation, France) in the tension mode at a frequency of 10 Hz in the
range of —80 °C to 80 °C at a heating rate of 3 °C min~'. Atomic force
microscopy (AFM) measurements were performed on a MultiMode 8
microscope (Bruker, Germany) operated in the peak force quantitative
nanomechanical (PF-QNM) mode with an excitation frequency of
2kHz. Modulus maps according to Derjaguin-Muller-Toropov theore-
tical model (DMT) were generated by NanoScope Analysis software to
characterize the thickness of interphase of GO/SBR composites and S-
GO/SBR composites. A transverse line was drawn through the matrix
area, interphase area and GO area to obtain the spatial gradient change
of the modulus from the matrix to GO region. Then, the modulus (Pa)
versus position (length) (nm) curve was obtained. The corresponding
length of transition region on the curve represents the thickness of the
interphase [23,24]. In order to accurately obtain the thickness of the
interphase, twenty appropriate sheets were chosen for measurement.
Differential scanning calorimeter (DSC) measurements were carried out
on STARe System (Mettler-Toledo, LLC, Switzerland) in the range of
25°C—300°C with a heating rate of 10°Cmin~"'. Electron spin

resonance (ESR) measurements were carried out on a Bruker ESP-500
instrument (Bruker Beijing Scientific Technologies Co. Ltd.). The power
and frequency of the microwave radiation were 100 mW and 9.4 GHz,
respectively. Fourier transform infrared (FTIR) measurements were
carried on a Bruker Tensor 27 spectrometer with KBr thin pellets in the
wavenumber range of 4000-400 cm ~'. The Crosslinking density of the
vulcanizates were characterized by nuclear magnetic resonance (NMR)
spectroscopy (VTMR20-010V-1, Suzhou Niumag Corporation, China) at
a frequency of 15 MHz, magnetic induction intensity of 0.5 * 0.05T
and temperature of 90 °C. The bound rubber content in GO/SBR and S-
GO/SBR compounds were measured based on the method reported by
Leblanc [25]. Nitrogen permeability tests were carried out on a gas
permeability-measuring apparatus at 40 °C according to ISO 2782. The
sample sheet was approximately 1 mm in thickness and 8 cm in dia-
meter. The pressure on one face of the sample was kept at 0.57 MPa,
while on the other face was initially zero. The nitrogen permeability
was calculated from the transmission rate of nitrogen determined by
gas chromatography. The mechanical properties were determined using
a CTM4104 tensile test machine (SANS, Shenzhen, China). The tensile
and tear tests were carried out according to ISO 37: 2005 and ISO 34-1:
2004, respectively.

3. Results and discussion
3.1. Morphology and structure of S-GO hybrids

TEM was used to determine the presence of sulfur on the surface of
GO nanosheets. Fig. 2 (a) shows that the large flakes of GO were
transparent and had a large number of wrinkles on the surface, ex-
hibiting the characteristics of a single layer of GO [26]. Fig. 2 (b) shows
that some spherical particles with diameters of about 28 nm appeared
on the surface of the GO and were proved to be sulfur particles by the
TEM-EDS. Sulfur particles were formed from the reaction between HCIL
and Na,S;03. The sulfur generated tended to in situ deposit on the
surface of GO due to the low activation energy involved with hetero-
geneous nucleation, rather than nucleating by itself to form large sulfur
aggregates [27]. In addition, four S 3P,> electrons present in a sulfur
molecule had an interaction with antibonding conjugated st* states of
the GO plane [28], resulting into the strong absorption of sulfur par-
ticles on the surface of GO.

Fig. 3 (a) shows the XRD patterns of sulfur, GO and S-GO hybrids.
For sulfur, the curve shows two prominent peaks at 23.1 and 27.7°,
corresponding to the (22 2) and (0 4 0) reflections of orthorhombic a-
sulfur Sg (JCPSD no. 08-0247). This crystalline structure of sulfur is the
same as in commercial sulfur [29], indicating that the prepared sulfur
was capable of being used as a crosslinking agent for rubber. For GO,
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Fig. 2. TEM images of (a) GO and (b) S-GO hybrids. The plot inset in (b) is the TEM-EDS analysis of S-GO hybrids.

the curve shows characteristic of (0 0 2) diffraction at 12.6°. For S-GO
hybrids, all the characteristic peaks of sulfur appeared in the plot.
However, the peak at 12.6° for GO disappeared, revealing the exfolia-
tion state of the GO layers due to the in situ growth of sulfur particles
between them.

Fig. 3 (b) shows the Raman spectra of sulfur, GO and S-GO hybrids.
In the plot for sulfur, the characteristic peaks appeared at 153, 218 and
473 cm ™, attributed to the A; symmetry mode of the S-S bond in sulfur
[30]. In the plots for GO and S-GO hybrids, the strong D-band and G-
band appeared at 1351 cm ™' and 1596 cm ™!, respectively. The in-
tensity ratio of D-band and G-band was almost unchanged, demon-
strating that the presence of sulfur on the surface didn’t destroy the
structure of GO. In addition, the characteristic peaks of sulfur appeared
in the spectrum of S-GO, further indicating that sulfur is successfully
deposited on the surface of the GO.

The XPS test was conducted to further confirm the composition of
the surface chemical groups of GO and S-GO hybrids. In Fig. 4 (a), the
XPS full spectrum shows that the peaks attributed to sulfur also ap-
peared in the curve for S-GO hybrids, further confirming that the GO
surface was deposited with sulfur particles. Fig. 4 (b) and (c) show that
different oxygen-containing functional groups appeared on the surface
of GO and S-GO hybrids. No significant changes in the content of
oxygen-containing groups suggests that the introduction of sulfur did
not influence the hydrophilicity of GO. The good water solubility of S-
GO hybrids was beneficial to the good dispersion of GO in the SBR
matrix when the S-GO/SBR masterbatches were flocculated from the
mixture solution composed of S-GO solution and SBR latex.

3.2. Microstructure and properties of S-GO/SBR composites

3.2.1. Filler dispersion of S-GO/SBR composite

For ensuring the dispersion of GO and S-GO in SBR matrices, latex
compounding and the ensuing co-coagulation were used in the pre-
paration of the two composites. XRD was performed to evaluate the
integral dispersion state of GO sheets in SBR composites. As shown in
Fig. 5, the broad diffraction peaks around 20° are attributed to the

noncrystalline structure of SBR, and the diffraction peaks from 30° to
70° are assigned to ZnO particles in the composites [31]. No obvious
characteristic peaks of GO or rGO aggregates appears in the patterns of
GO/SBR and S-GO/SBR composites [32,33], suggesting that GO and S-
GO have a good integral dispersion state in the composites.

TEM was used to observe the localized dispersion of GO sheets in
SBR composites. As shown in Fig. 6 (a), most GO sheets well dispersed
as thin dark lines in GO/SBR composites. However, a few of GO ag-
gregations were evident as thick dark lines in the SBR matrix, owing to
the large difference in surface energy between GO and SBR [16]. GO
layers tended to agglomerate with each other. This was caused by
thermal driving force during the process of crosslinking at high tem-
perature [34,35]. In contrast, Fig. 6 (b) shows that S-GO hybrids were
uniformly dispersed throughout the viewing area without aggregation.
This was because the sulfur on the surface of GO could melt during the
crosslinking process at high temperature and spread on the surface of
GO, thus reducing the surface energy of GO and preventing GO ag-
glomeration.

3.2.2. The filler network and interfacial interactions in S-GO/SBR
composites

The strain amplitude dependence of the storage modulus (G") of a
rubber compound can be used to analyze the filler network. As shown
in Fig. 7 (a), with an increase in strain, the G' of pure SBR, GO/SBR, S-
GO/SBR compounds first appear to be at relatively constant levels and
then decrease rapidly. Compared with pure SBR, the G' of GO/SBR
compounds was much higher, indicating a tight filler network com-
posed of GO sheets was constructed in the rubber matrices. The filler
network was beneficial in forming tortuous paths for gas penetration
and improving the barrier properties of the composites. Moreover, S-
GO/SBR compounds exhibited higher G’ values compared with GO/SBR
compounds at the same GO content. This improvement is mainly at-
tributed to the strong interactions between GO and rubber chains. It is
noted that this phenomenon is not same with weakened Payne effect of
rubber composites containing silica aggregates after filler chemical
modification [36,37]. The main reason is that strong interfacial
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Fig. 3. (a) XRD patterns and (b) Raman spectra of sulfur, GO and S-GO hybrids.
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interactions in the silica filled rubber composites would greatly improve
filler dispersion and decrease the filler network, thus leading to the
weakened Payne effect. However, the fine dispersion of S-GO in SBR

has been already obtained by the latex compounding. The strong in-
terfacial interactions contributed to the tight filler networks which
composed of S-GO sheets bridged by neighboring rubber molecules. The
same phenomenon about Payne effect enhanced by strong interaction
has been reported in the literatures [38,39].

The interfacial interactions between GO and SBR molecules were
studied by DMA. Fig. 7 (b) shows the loss factor (tan 8) as a function of
temperature for all SBR composites. GO/SBR composites exhibited
lower peak values of tan § than pure SBR composites, owing to the
mobility of the SBR molecules being restricted by the filler network of
the GO sheets. Furthermore, S-GO/SBR composites showed the lowest
peak values of tan 8 for the three composites. This is attributed to
stronger interfacial interactions between S-GO and SBR molecules in S-
GO/SBR composites, leading to the further reduction of chain mobility
[35]. The restrictions of SBR molecules by S-GO hybrids are beneficial
to the improvement of gas barrier properties and mechanical proper-
ties.

The thickness of interphase between GO or S-GO and SBR molecules
are evaluated quantitatively according to the gradient change in
Young’s modulus based on the PF-QNM technique. Fig. 8 (a) and (b) are

Fig. 6. TEM images of (a) GO/SBR and (b) S-GO/SBR composites.
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the DMT Modulus maps of GO/SBR and S-GO/SBR composites, re-
spectively. The modulus of composites versus length are presented in
Fig. 8 (a’) and (b). The results showed that the average thicknesses of
interphase in GO/SBR and S-GO/SBR composites was 62.7 + 10.5nm
and 86.1 + 13.3nm, respectively, indicating that the interfacial in-
teractions between S-GO and SBR molecules were stronger than those
between GO and SBR molecules. In addition, the thickness of the in-
terphase between GO and the rubber matrix in this research is sig-
nificantly higher than that observed for both spherical silica
(15.6 = 0.2nm) and one-dimensional carbon nanotubes
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Fig. 8. Young’s modulus maps of (a) GO/SBR and (b) S-GO/SBR composites and the:

(17.4 = 5.5nm) with rubber molecules as reported in previous lit-
eratures [23,37]. This is because GO is anisotropic and has a larger
specific surface area, thus can absorb more rubber molecules which
results in stronger interfacial interactions.

3.2.3. Mechanism of interfacial interaction between S-GO and SBR
molecules

The strong interaction between S-GO and SBR molecules was pri-
marily formed during the crosslinking process at high temperature. To
further understand the formation mechanism, DSC, EPR, and FTIR
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ir corresponding modulus profiles (a’) and (b’) across the interphase, respectively.
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Fig. 9. (a) DSC curves of sulfur, GO and S-GO hybrids. The inset is the enlarged DSC curve of sulfur; (b) EPR spectra of GO and S-GO hybrids at 160 °C; (c) FTIR
spectra of GO, sulfur, and S-GO hybrids before and after heat treatment at 160 °C; (d) A diagrammatic representation of the reaction between GO and sulfur.

characterizations were carried out. Fig. 9 (a) shows the DSC curves of benzene ring [45], which was not shown in the curve of heat-treated
sulfur, GO and S-GO hybrids. For sulfur, the endothermic peak at 105 °C GO. This further confirmed covalent linkages between GO and sulfur
is attributed to the transformation of sulfur from orthorhombic S (S,) to were formed and the schematic of the reaction between GO and sulfur is
monoclinic S (Sg), and the peak at 121 °C is attributed to the melting shown in Fig. 9 (d).

point of sulfur [40]. Therefore, during crosslinking process of S-GO/ Combining the above results, it can be concluded that the strong
SBR composites at 160 °C, sulfur would have melted immediately and interface between S-GO and SBR molecules mainly originated from the
infiltrated the surface of the GO sheets, hindering the aggregation of reaction of GO radicals and sulfur radicals during the process of
GO. The peak at 181 °C is related to sulfur radicals generated from the crosslinking at high temperature.

homolytic fission of sulfur [40,41]. It can be known from the inset in
Fig. 9 (a) the temperature of the homolytic fission of sulfur started at
140°C and ended at 190 °C, which is consistent with the research
findings of Lian et al. [42]. Therefore, the sulfur radicals would be ef-
fective at the crosslinking temperature of 160 °C. For GO, an en-
dothermic peak around 100 °C is attributed to the volatilization of ab-
sorbed water. An obvious exothermic wide peak starting from 142 °C to
246 °C is attributed to the partially thermal reduction of the GO. For S-
GO hybrids, the temperature related to the generation of sulfur radicals
was shifted from 181 °C to 173 °C. It is speculated that the heat released
by the reduction of GO would have promoted the ring-opening reaction
of sulfur adsorbed on GO surface.

Fig. 9 (b) shows the ESR spectra of GO and S-GO hybrids. Both the
curves of GO and S-GO hybrids have sharp and intensive derivative
peaks, indicating that free radicals of GO were generated by the clea-
vage of oxygenic groups (such as hydroxy and epoxy group) on GO
planes when GO was partially thermally reduced during the cross-
linking process at high temperature [43,44]. In order to verify the re-
action between sulfur radicals and GO radicals at high temperature, the
GO and S-GO hybrids, before and after the heat treatment at 160 °C,
were characterized by FTIR and the results are shown in Fig. 9 (c).

In Fig. 9 (c), the peaks at 3340, 1714, 1623, 1384, 1246 and
1044 cm ! for GO are assigned to the stretching vibration of O-H, C=
0, C=C, C-OH, C-0-C and C-O group, respectively. For S-GO hybrids,

3.2.4. Bound rubber content and crosslinking density of S-GO/SBR
composites

The bound rubber content and crosslinking density of SBR compo-
sites are shown in Table 1. Bound rubber is the amount of rubber that is
bound to the filler before crosslinking, and mainly generated from the
interfacial interaction between fillers and rubber molecules. The bound
rubber content of the S-GO/SBR composites is higher than that of the
GO/SBR composites, owing to the strong interfacial interactions be-
tween S-GO sheets and their neighboring rubber molecules, which was
also confirmed by RPA tests in Fig. 7(a). The crosslinking density of
GO/SBR composites is higher than that of pure SBR, owing to the
crosslinking network being enhanced by physical absorption of SBR
molecules by GO sheets alongside the normal sulfur crosslinking of the
network. Compared with GO/SBR composites, the crosslinking density
of S-GO/SBR composites was slightly improved. The main reasons are
as follows: (1) the sulfur particles in S-GO are much smaller and more
uniform than sulfur aggregates, thus resulting into high contact op-
portunity between sulfur and SBR molecules and efficient crosslinking
network in S-GO/SBR composites. (2) The covalent interfacial

Table 1
Bound rubber content and crosslinking density of SBR composites.

the curve shows a new absorption peak at 464 cm ™, attributed to the Samples SBR GO/SBR S-GO/SBR
stretching v1b1;at10n of the S—$ in the sulfur molecule. Afte.r heat treat- Bound rubber content (%) 1587 032 19.93 + 0.46
ment at 160°C, S-GO hybrids showed a new absorption peak at Crosslinking density 2617 + 0.036 3.720 + 0.055 3.934 + 0.041

1165cm ™! assigned to the stretching vibration of the C-S bond on the (x10™* mol/ml)
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Fig. 10. Permeability of the pure SBR, GO/SBR and S-GO/SBR composites.

interaction was formed between GO and SBR molecules in S-GO/SBR
composites after crosslinking process, further contributing to the
crosslinking density of the S-GO/SBR composites. High crosslinking
density of the S-GO/SBR composite is beneficial in reducing the free
volume between SBR molecules and improving the gas barrier perfor-
mance [46].

3.2.5. Gas barrier properties of S-GO/SBR composites

Figs. 10 and 11 shows the gas (N,) permeability coefficients and
schematic of the gas molecule diffusion in different composites, re-
spectively. GO/SBR composites exhibited a much lower permeability
when compared with pure SBR owing to the formation of complex filler
network comprising GO sheets. However, only a few of GO had the
opportunity to contact and react with sulfur in GO/SBR composites,
resulting in a low degree of interface interactions between sulfur and
GO (see Fig. 11 (a)). After the introduction of S-GO hybrids into SBR
composites, the gas permeability coefficient of the S-GO/SBR compo-
sites further decreased by 50.7% and 23.3% when compared to those of
pure SBR and GO/SBR composites. This is primarily attributed to the
great reduction in free volumes originated from the strong interfacial
interactions between S-GO and SBR molecules. In S-GO/SBR compo-
sites, GO and sulfur could react easily and form strong chemical in-
terfaces due to the sufficient contact between GO and sulfur. The
complex filler networks and strong interfacial interactions greatly de-
creased the free volumes between SBR molecules and prolonged the
pathways and diffusion times of nitrogen molecules in SBR matrices

Chemical Engineering Journal 383 (2020) 123100
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Fig. 12. Strain-Stress curves of SBR composites.

(see Fig. 11(b)), thus resulting in high gas barrier properties.

3.2.6. Mechanical properties of S-GO/SBR composites

The stress-strain curves of the SBR, GO/SBR and S-GO/SBR com-
posites are displayed in Fig. 12 and the mechanical properties are
summarized in Table 2. After the introduction of GO and S-GO into SBR,
the tensile strength, tear strength, elongation at break, modulus at
100% and 300% strain of the composites are all dramatically improved
by comparison with pure SBR composites. Moreover, S-GO/SBR com-
posites exhibited higher tensile and tear strength than GO/SBR com-
posites, owing to the strong interfacial interactions between S-GO and
SBR molecules which were confirmed by the FTTR, ESR, and DSC
characterizations (Fig. 9). The strong interactions facilitated an efficient
stress transfer from the SBR matrix to the large GO sheets. When the GO
content was 3 phr, the tensile strength and tear strength of the S-GO/
SBR composites increased by 66.2% and 26.6%, respectively, compared
with the GO/SBR composites.

4. Conclusions

In this research, sulfur particles were synthesized in situ on the
surface of GO nanosheets to obtain S-GO hybrids. Then S-GO hybrids
were compounded with SBR by latex compounding to prepare S-GO/
SBR composites. During the crosslinking process at high temperature,
the sulfur on the surface of GO not only crosslinked the rubber chains,
but also prevented the agglomeration of GO sheets by the melting and
spreading of sulfur on the surface of the GO. More importantly, sulfur
reacted with the GO and bridged the GO to the SBR molecules, thereby

Weak interface

GO/SBR composites

~~"\ SBR chain
£ oo

Gas flow

(b)

Enhanced interface

S-GO/SBR composites

Fig. 11. Schematic of the gas molecule diffusion in GO/SBR and S-GO/SBR composites.
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Table 2

Mechanical properties of SBR composites
Sample SBR GO/SBR S-GO/SBR
Tensile strength (MPa) 22+ 0.2 6.5 = 0.5 10.8 = 0.9
Tear strength (kN/m) 10.3 £ 1.2 21.4 = 2.3 271 £ 25
Elongation at break (%) 384 + 14 536 = 17 733 + 24
Modulus at 100% strain (MPa) 0.9 = 0.1 1.2 £ 0.1 1.5 £ 0.1
Modulus at 300% strain (MPa) 1.7 = 0.1 3.0 = 0.1 3.3 +0.1
Shore A hardness 42 =1 47 = 1 50 =1

constructing strong interfaces and filler networks in SBR matrices. The
interfacial thicknesses and crosslinking density of S-GO/SBR compo-
sites were higher than those of GO/SBR composites. The complex filler
networks and strong interfacial interactions in the S-GO/SBR compo-
sites resulted in increases by 66.2% in tensile strength and decreases by
23.3% in gas permeability coefficients when compared with those in
the GO/SBR composites. In conclusion, the current work provides a
facile and effective method to design multifunctional rubber cross-
linking agent and prepare rubber composites with high performance.
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